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Dietary polyphenols are components ofmany foods such as tea, fruit,
and vegetables and are associated with several beneficial health ef-
fectsalthough, so far, largelybasedonepidemiological studies. The in-
tact formsofcomplexdietarypolyphenolshave limitedbioavailability,
with low circulating levels in plasma. Amajor part of the polyphenols
persists in the colon, where the resident microbiota produce metab-
olites that can undergo further metabolism upon entering systemic
circulation. Unraveling the complex metabolic fate of polyphenols in
this human superorganism requires joint deployment of in vitro and
humanizedmousemodelsandhuman interventiontrials.Within these
systems, the variation in diversity and functionality of the colonic
microbiota can increasingly be captured by rapidly developing micro-
biomics and metabolomics technologies. Furthermore, metabolomics
is coming to grips with the large biological variation superimposed
on relatively subtle effects of dietary interventions. In particular
when metabolomics is deployed in conjunction with a longitudinal
study design, quantitative nutrikinetic signatures can be obtained.
These signatures can be used to define nutritional phenotypes
with different kinetic characteristics for the bioconversion capac-
ity for polyphenols. Bottom-up as well as top-down approaches
need to be pursued to link gut microbial diversity to functionality
in nutritional phenotypes and, ultimately, to bioactivity of poly-
phenols. This approach will pave the way for personalization of
nutrition based on gut microbial functionality of individuals or
populations.

polyphenol bioconversion | gut microbiota | metabolomics |
metagenomics | microbiomics

Plant polyphenols are phytochemicals (1), which have been
suggested to play a major role in the health enhancing effects

of fruits and vegetables (2, 3). Polyphenols are secondary plant
metabolites originating from the shikimic pathway and share at
least one aromatic ring structure with one ormore hydroxyl groups.
Despite this simple common structural motif, a large number of
polyphenol classes exist, includingflavonoids, stilbenes, coumarins,
lignans, lignins, cinnamic, and benzoic acids. Prospective and cross-
sectional epidemiological studies have associated polyphenol
consumption with reduced risk for cardiovascular disease (2) and
cancer (3). Intervention studies in human and animals have pro-
vided further evidence for the protective effects of polyphenols in
the directionofmodulation of vascular andplatelet function, blood
pressure (4), and an improved plasma lipid profile (1–3, 5). Mech-
anistic studies have identified among others oxidative stress, in-
flammation, and endothelial function as important targets where
polyphenols may exert their beneficial bioactive effects. Indeed,
numerous studies with polyphenols in pure form, or as occurring in
natural extracts, have been performed that confirm their antioxi-
dant capacity by chemical assays or in cell models (6). However, the
continual emergence of studies on the bioavailability of poly-
phenols has created increasing doubt about the biological rele-
vance of such findings (7). It has become clear that the bioavail-

ability of polyphenols, as they occur in dietary formats, is highly
variable between individuals and generally far too low to explain
direct antioxidant effects in vivo (8). Dietary flavonoids, for ex-
ample, are mostly present as poorly absorbed glycosides, which
require deglycosylation by mammalian β-glucosidases in the small
intestine before being absorbed as aglycons (9). Levels of aglycones
in the circulation vary widely but tend to be low. This property
also holds for oxidized and conjugated flavonoid forms due to
phase I and II metabolism. Other specific mechanisms of action
have been proposed, yet also here the concern has been raised
that bioavailability of polyphenols in the forms as they occur in the
diet is probably very low (10–12). An important reason for this
concern is that, depending on the glycosylation pattern and poly-
merization degree, a significant fraction of dietary polyphenols can
persist to the colon, where they are exposed to the gut microbial
community.Given its enormous gene pool, it is nowbecoming clear
that the resident colonic microbiota can be regarded as a separate
organwithin the human host, which can performmany functions of
which the human host is incapable. These strong and symbiotic
microbiota–host interactions have led to the recognition of humans
as superorganisms, in which the colon operates as a bioreactor with
a virtually unlimitedmetabolic potential (13). The consideration of
the highly individual gut microbial activity has been recognized as
an essential part of personalized nutrition approaches (14). The
recently introduced pharmaco-metabonomics approach demon-
strated that the presence of a predose gut-mediated dietary me-
tabolite in urine was predictive for the metabolic fate of a drug
substance (15, 16). The gut-mediated nature of this interaction
has been proposed as a route for modulation of drug efficacy
(and safety). This concept may be well applicable to microbiota-
mediated bioactivation of dietary polyphenols. This area exists as
a largely uncharted territory because of the lack of experimental
approaches to address the overwhelming complexity of comet-
abolome interactions, in particular when viewed froma nutritional
context. The rapid emergence of functional genomics approaches
for the holistic assessment of microbial communities and metab-
olism, in combination with adequate in vitro and in vivo models,
opens new avenues for studying the human superorganism in an
integrated approach.
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Gut-Mediated Bioactivation of Polyphenols in the Human
Superorganism
The human colon harbors a highly complex microbial ecosystem,
at concentrations of 1012 microorganisms per gram of gut content.
The gutmicrobiota composition of each individual is unique and is
influenced through a legacy acquired at birth, genotype and
physiological status of the host, diet, and lifestyle (17, 18). Fig. 1
depicts the cometabolome interactions between the colonic
microbiota and the human host and the resulting complex meta-
bolic fate of dietary polyphenols. Note that the colon not only
receives dietary polyphenols, but also phase I and II metabolites
that have been excreted back into the intestine through the
enterohepatic cycle. Microbial polyphenol metabolism follows
a very general pattern in which the extremely diverse group of
natural polyphenols is funneled to a relatively small number of
metabolites. Besides deglycosylation by bacterial enzymes, the
microbiota can perform mild transformation such as dehydrox-
ylation and demethylation and, in addition, catabolism of poly-
phenols into small fragments (19). As a consequence, a relatively
small number of metabolites are formed in the colon from the
extremely diverse group of natural polyphenols (20). With the
flavonoid naringenin as an example (Fig. 1), bioconversion starts
with isomerization of theflavanone’sC ring at the hetero atom into
the corresponding chalcone phloretin. After reduction into
a dihydrochalcone, further splicing takes place at the carbonyl
moiety, yielding phloroglucinol and 3-(4-hydroxyphenyl)pro-
pionic acid. The metabolite 3-(4-hydroxyphenyl)propionic acid
may be dehydroxylated into 3-phenylpropionic acid, and the
mixture can be absorbed from the colon. Both components are
often recovered as such or in a conjugated form in urine (21), but
may also be subjected to β-oxidation and glycination in the liver,
yielding hippuric acid and 4-hydroxyhippuric acid (20). In contrast,
phloroglucinol is hardly ever recovered as a final metabolite, be-
cause it can be catabolized into acetate, butyrate, and CO2 (22).
Colonic bioconversion of polyphenols is most well described

for flavonoids and is highly variable because of three main rea-
sons. First, large interindividual differences have been noted in
the bioconversion of specific flavonoids (17, 18, 23). This vari-
ability can be attributed to the individual colonic microbiota
composition and has led to the recognition of low to high flavo-
noid converters (24, 25). Second, small differences in substitution
pattern of flavonoids can lead to major changes in colonic bio-
conversion (24, 26). A third factor is the dietary context of the

ingested polyphenols that can modulate polyphenol–microbiota
interaction (27).
Besides bioconversion of active dietary compounds into less

active metabolites, a number of bacterial transformations are also
known to producemetabolites with increased biological activity. A
good example are the phytoestrogens such as soy isoflavones,
prenylflavonoids from hops, and lignans, for which the pseudoes-
trogenic activity is determined by intestinal bacterial activation
followed by absorption of the microbial metabolites (28, 29).
Establishing the role of the gut microbiota in the bioconversion
of polyphenols into potentially bioactive species is challenging.
Cometabolome interactions in the human superorganism are
complex and experimentally difficult to capture. The holistic view
provided by functional genomics can be overwhelming, thus we
have adopted a strategic approach that is outlined in Fig. 2. Here,
the upper part depicts our experimental approach to address bio-
logical complexity in the human superorganism by taking recourse
to adequate in vitro and animal model systems. The lower part
of Fig. 2 highlights microbiomics and metabolomics as the most
relevant functional genomics technologies. We define micro-
biomics for the purpose of this review as the study of entire mixed
microbial populations, their common genetic elements (meta-
genome), functionality (metatranscriptome and -proteome), and
environmental interactions in a defined environment. These plat-
forms are approaching full coverageof thewide variety inmicrobial
metabolites and involved microorganisms, hence we will also dis-
cuss approaches for integrating the generated information. This
integrated strategy will aid in further unraveling of metabolome–
microbiome relations and properly assess the health-modulating
potential of dietary polyphenols.

Human Intervention Trials
In humans one can study the full complexity of dietary polyphenol
interaction with themicrobiota–host cometabolome.Most human
intervention studies on the absorption, distribution, metabolism,
and excretion (ADME) of polyphenols focused on phase I and II
metabolism in the small intestine and liver (30). Typically, intact
polyphenols appear as aglycones or conjugates in plasma at low
levels within a few hours after ingestion. The involvement of the
gutmicrobiota in polyphenol bioconversion is typically reflected in
delayed (6–8 h) appearance of metabolites in systemic circulation
(31) and significant interindividual variation in absorption rates
and levels. These kinetic features can serve as a functionalmeasure
for the polyphenol bioconverting capacity of the microbiota and,
hence, need to be accounted for in the design of the studies (11, 32,
33). Considering that structurally rather diverse polyphenols are
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Fig. 1. Schematic depiction of metabolic fate of dietary polyphenols in the
human–microbial superorganism. Within the colonic compartment, the mi-
crobial bioconversion pathways of naringenin are depicted. Within the host,
dietary polyphenols and their microbial bioconversion products successively
undergo liver phase I and II metabolism, absorption in the systemic circula-
tion, interaction with organs, and excretion in the urine.
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Fig. 2. Experimental strategy for assessment of the metabolic fate of poly-
phenols in the human superorganism. Biological complexity can be addressed
by combining In Vitro Colonic Models, Humanized Mice Models, and Human
Intervention Trials. Microbiomics, Metabolomics, and Nutrikinetic Signatures
need to be integrated to resolve Microbiome–Metabolome Interactions and
establishingBioavailability-Bioactivity Relations. Terms in italics correspond to
section headers.
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assumed to be bioconverted by the gut microbiota to a limited
number of key metabolites, the polyphenol content of the back-
ground diet also needs to be accounted for in the study design
(34, 35) and subsequent data analysis (31). Nonpolyphenol dietary
components may interact with microbial bioconversion (27),
hence the background diet also needs to be controlled and stan-
dardized. Consideration of the aforementioned constraints in the
design of a human study will inevitably meet practical and ethical
constraints. Hence, the small effects of dietary interventions in
human intervention trials are commonly clouded by biological
variation. The use of cross-over designs where volunteers serve as
their own control allows for multilevel analysis schemes that in-
crease power, but still require significant numbers of volunteers to
allow for statistical significant multivariate models (36).
Many human intervention trials have aimed at establishing bio-

activity of polyphenols, but only few took bioavailability into ac-
count. No clear relationship between bioavailability and bioactivity
in humans has been established (37). However, polyphenol meta-
bolites are most likely interacting with multiple molecular targets
in a subtle manner (10). Global metabolic profiling in human poly-
phenol intervention studies primarily revealed effects on the gut
microbiota-mediated metabolites (35, 38, 39). The endogenous
effects observed in these NMR-based studies are subtle andmay be
related to tight homeostatic regulation in healthy humans. Hence,
the use of homeostatic challenges has been advocated as a sensitive
approach to assess regulation of inflammatory, oxidative, andmeta-
bolic stress as overarching drivers of health (40). Such an approach
would also require MS-based profiling approaches focusing at
specific submetabolomes and deployment of other functional geno-
mics approaches (transcriptomics), but no published study has ap-
peared yet. Given the many current restrictions of human inter-
vention trials, animal and in vitro models have been developed to
allow more experimental freedom in defining and modifying poly-
phenol doses, background diet, microbial diversity, longitudinal
sampling of metabolic profiles, and assessment of bioactivity.

Humanized Mice Models
Numerous rodent studies have investigated the metabolism of
polyphenols, especially for their impact on metabolic disorders
(41, 42). Only a few of these studies have followed the dynamics
and composition of the intestinal microbiota in association with
polyphenol metabolites retrieved from the host (43, 44). These
studies have demonstrated that polyphenols can modify the in-
testinal bacterial community diversity, which has meanwhile been
supported by preliminary in vitro fecal incubation experiments and
human intervention studies (45, 46). Therefore, studies demon-
strating beneficial health effects of polyphenols must include gut
microbiological analysis to link shifts in bacterial populations
to polyphenol metabolites and beneficial effects. However, cau-
tion is required in extrapolating results to humans because culture-
independent comparisons have revealed that most bacterial gen-
era and species found inmice are not seen in humans, although the
distal gut microbiota of mice and humans harbors the same bac-
terial phyla (47). Therefore, the use of germ-free mice inoculated
with the fecalmicrobiota of a healthy human is of great relevance.
Such humanized (gnotobiotic) mice provide a model system for
controlling host genotype, gut microbiota composition, diet, and
housing conditions. Demonstrating the applicability of the model,
several studies involving germ-free and humanized rodents showed
that the presence and, therefore, bioavailability of certain poly-
phenol derivatives depended on the presence of an intestinal
microbiota (48–50). So far, no studies have followed the compo-
sition of the intestinal microbiota in humanized rodents fed
a polyphenol-rich diet. Studies addressing this gap would be of
relevance because shifts in specific bacterial groups could be the
first step towards an improved description ofmicrobial polyphenol
bioconversion and may be linked to health effects. An important
aspect in studies involved in determining the impact of poly-

phenols in vivo is their dietary level, which can vary from 0.1 to 4%
(51). The level can have major repercussion in terms of intestinal
bacterial abundance and composition because it is known that
certain polyphenols and their microbial bioconversion products
can influence the overall intestinal ecosystem, in particular due
to antimicrobial properties (45).

In Vitro Colonic Models
Although in vivo human or animal intervention trials are physio-
logically most relevant to study the ADME of polyphenols, they
are less suited to perform mechanistic research on how gut
microbiota affect polyphenol bioavailability. Therefore, in vitro
tools have been designed that simulate intestinal conditions. In
combination with in vivo trials, in vitro experiments may elucidate
to what extent bioconversion processes are mediated by the gut
microbiota or by the host itself (28, 52, 53). The complexity of in
vitro gut models is diverse, ranging from simple static models to
advanced continuous models (54). A static model approach is
primarily used when assessing the stability of polyphenols in the
presence of human-derived gut microbiota and evaluating which
environmental conditions favor or limit polyphenol bioconversion.
Fecal batch incubations are of particular interest for a first assess-
ment of gut microbial polyphenol metabolism, which is character-
ized by a high human interindividual variability due to differences in
microbial community composition (53). This way, a first distinction
can be made between high and low polyphenol-converting indi-
viduals. In addition, fecal incubations have been extensively used
to characterize microbial fermentation products of dietary poly-
phenols (20, 55, 56).
In contrast to short-duration experiments with static gut

models, longer-term experiments are required when the adapta-
tion of the gut microbial community to dietary polyphenols needs
to be assessed. To this end, dynamic in vitro gut models such as
the Reading model (57), the Simulator of the Human Intestinal
Microbial Ecosystem (SHIME) (58), and the TNO Intestinal
Model 2 (TIM2) (59) have been developed where gut microbiota
are cultured over a longer timeframe (days to weeks) in one or
multiple connected, pH-controlled vessels representing different
parts of the human colon. Validation ofmultistage culture systems
by analyses of the colonic contents of sudden death victims dem-
onstrated a good comparability (60). TheSHIMEhas already been
used to monitor the behavior of human gut microbiota with dif-
ferent polyphenol converting potency (61, 62), whereas an in-
teresting feature of the TIM2 is the use of dialysis modules (59),
whereby end products of microbial metabolism are removed, thus
preventing end product inhibition.
In vitro gastrointestinal models are important tools in research

leads for dietary polyphenols. First, the flexibility of in vitro studies
can effectively build mechanistic knowledge around microbial
polyphenol bioconversion (32). Linking metabolomic datasets
with in-depth microbiome analyses may not only result in the
discovery of new polyphenol metabolites with health-promoting
potential, but also point out which microbial groups and species
are involved in polyphenol bioconversion. In addition, dynamic in
vitro gutmodelsmay even be used to evaluate strategies that target
the enrichment of polyphenol-converting species such as Clos-
tridium orbiscindens and Eubacterium ramulus (63, 64) with low
doses of polyphenols. Such strategies offer possibilities to steer
the bacterial community toward a composition with specific bio-
conversion properties. This strategy was successfully applied for
steering isoflavone and prenylflavonoid conversion in vitro and in
vivo (61, 65). The isolates of such consortia may be subsequently
investigated at the genome level and, thereby, complement the
information generated from other omics platforms. Second, in
vitro gut models allow a more profound analysis of how polyphe-
nols affect the gut microbial community. Antimicrobial effects of
polyphenols have been described as well as stimulation of bacterial
groups (56, 66). In this respect, in vitro dynamic ileal models and
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mucus adhesion modules (67), respectively, may be used to eval-
uate effects of polyphenols toward the activity of opportunistic
pathogens or the mucus colonizing potency of gut microbiota.

Microbiomics
Thus far, relatively little is known regarding microbial species re-
sponsible for thepolyphenol bioconversion in thehuman colon, but
emerging technologies will enable breakthroughs in this area.
Molecular approaches, mainly based on the 16S ribosomal RNA
(rRNA) gene, have revolutionized the field of gut microbial ecol-
ogy, bypassing tedious culturing of anaerobic gut microbes. Novel
high-throughput diversity approaches, such as phylogenetic micro-
arrays (68, 69) and barcoded “next generation” sequencing (70),
maybe applied tomonitor and comparepolyphenol-inducedglobal
gut community shifts with greater sensitivity than former finger-
printing methods (such as PCR-DGGE) (71). Complementary
quantitative technologies such as fluorescence in situ hybridization
(FISH), which is truly quantitative at the single-cell level (72), and
real-time quantitative PCR (RT-qPCR) (73) can be used to con-
firm shifts in particular groups or species. Stable isotope probing
(SIP) technology has been successfully applied to identifymicrobes
that grow and incorporate a 13C label of a substrate into biomarker
(s) (74). However, the nature of chemical conversions that take
place during polyphenol conversion is not always suited tomonitor
with SIP; the energy gain of polyphenol metabolism is low, many
polyphenols have antimicrobial effects, and polyphenol metabo-
lism can be performed by microbial consortium, thereby further
reducing the label signal. Thus, there are both biological and
practical limitations to the deployment of SIP for identification of
polyphenol bioconverting microbes.
Currently, the field of gut microbial ecology is witnessing a

second revolution in molecular approaches by the rapid advances
in next-generation DNA sequencing, which are dramatically re-
ducing costs and markedly increasing capacity. This progress
allows culture independent microbiomics methods to be readily
deployed, not only to determine diversity but more critically the
functionality of the gut microbiome (75–77). The use of meta-
genomic libraries for identifying gut bacterial genes from intestinal
communities has recently been demonstrated and, notably, for a
novel polyphenol oxidase gene from a metagenome expression li-
brary of bovine rumen (78, 79). Key to this approach is the creation
of suitable screening assays for the relevant polyphenol family and,
moreover, that the gene set coding for a specific functionality is
clustered on the bacterial genome. The recent description of a gut
microbial gene catalog of 3.3 million genes greatly enhances the
annotation possibilities for omics approaches (80). This new cat-
alog supports associated technologies such asmetatranscriptomics,
which uses gene expression patterns to understand the metabolic
activities of microbial communities, or potentially emerging high-
throughput RNA-seq approaches (81). Reproducible protocols
for messenger RNA (mRNA) isolation from intestinal samples
and procedures to reduce ribosomal RNA before cDNA sequenc-
ing are becoming available (82, 83). The sequencing of cDNA syn-
thesized from themRNAand further bioinformatics analysis largely
depends on the progress and development of sequencing and ana-
lyzing capacities but is now feasible (83). Metatranscriptomics has
been elegantly applied to assess gut microbial gene regulation upon
dietary intervention in amousemodel, as well as a preliminary array-
based approach for infant fecal bacteria (84, 85), but no application
to polyphenols has been reported. Similar to metatranscriptomics,
metaproteomics is becoming a feasible approach for identification
of proteins involved in polyphenol metabolism for complex com-
munities (86, 87). Metaproteomics has the advantage that because
of the stability of the proteins, a more representative result of
functional activity within the human intestine from a fecal sample
may be obtained compared with that ofmetatranscriptomics. Initial
knowledge on genetic determinants for polyphenol bioconversion
may be obtained more readily from in vitro gut model experiments

that can use higher polyphenol concentrations to amplify effects,
although antimicrobial and stress effects also risk to be magnified.
The use of fecal inocula from different individuals can be used to
account for interindividual variation and generate a more com-
prehensive view on microbial determinants that drive polyphenol
metabolism. The application of such targeted approaches, using in
vitro models and humanized mice, is anticipated to identify micro-
bial genomic pathways for polyphenolic bioconversion.

Metabolomics
The extensive bioconversion of polyphenols by colonic microbiota
and the host produces a large range of metabolites that can po-
tentially be taken up into systemic circulation. These metabolites
are part of the so-called “food metabolome” (10, 88) that, in its
turn, interacts with the endogenous metabolome of the host.
Effects on food (89) and endogenous (90) metabolomes have
typically been assessed by targeting a limited number of predefined
(hypothesis-driven) metabolites. Such targeted approaches hold
the risk of overlooking the complexity of phytochemical diversity
in the diet and the complexity of their effect on endogenous me-
tabolism (10). Advances in analytical instrumentation now allow
for comprehensive and simultaneous profiling of metabolites in
biological samples (91). Global metabolic profiling, which non-
selectively capturesmetabolites in an unbiasedmanner, is typically
performed by high-field (>600 MHz) NMR and has successfully
been applied to describe both the food as well as endogenous
metabolome in urine, plasma, and feces (92). Although NMR
metabolomics is considered relatively insensitive, it still captures
a significant part of the microbially mediated part of the food
metabolome in urine. Thus, it played a key role in developing the
concept of the human superorganism encompassing the symbiotic
gut microbiota–host cross-talk (93). NMR-based profiling was
also used to demonstrate the concept of pharmaco-metabonomics
(15, 16). More sensitive and selective focused MS-based profiling
approaches have been developed to capture less abundant food
and endogenous metabolites. Sensitivity enhancement is typically
achieved by defining submetabolomes in a wide-angle hypothesis-
driven manner. An example is the focused profiling of phenolic
acids by GC-MS (94) in plasma, urine, feces, and in vitro models,
hence capturing a major part of the microbial bioconversion
products of polyphenols. The disadvantage of these focused GC-
MS profiling methods is the laborious sample pretreatment re-
quiring deconjugation and subsequent derivatisation to increase
volatility. Thus, most information on conjugative host metabolism
is discarded, and only relatively small bioconversion products are
observed. In comparison, LC-MS profiling platforms are less bi-
ased in their sample pretreatment, capture more and larger con-
jugated species, but encounter bottlenecks in identification of
relevant metabolites (88). An intrinsic limitation of most MS-
based profiling approaches is that they aremostly semiquantitative
and not suitable for making mass balances between dietary input
and metabolic output in urine, plasma, and feces.
In addition to technological developments, high demands are

made on the statistical analysis to unambiguously characterize the
usually subtle metabolic response induced by polyphenol inter-
vention. Whereas univariate approaches neglect covariance effects
and suffer frommultiple testing issues, themultivariate approaches
are fraught by the risk of overfitting (95). Hence, rigorous cross-
validation approaches have been proposed (96). Multilevel ap-
proaches have been shown to be capable of distinguishing subtle
polyphenol-induced effects in the presence of large phenotypic
variation between subjects (31, 97).

Nutrikinetic Signatures
The timecourse of polyphenol metabolites contains information
on their ADME characteristics between the different compart-
ments of the human superorganism. Like other dietary constit-
uents, the disposition of polyphenol metabolites mostly follows
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first-order kinetics across compartments and can be parameter-
ized with appropriate nutrikinetic models (31). The estimated
set of nutrikinetic model parameters can therefore be considered
as a lumped, quantitative summary of a compartmental model.
Hence, we investigated whether these nutrikinetic signatures can
be used to map the highly individual interactions among poly-
phenol intake, the host metabolome, and the gut microbiome.
In a recently performed human intervention study, 20 healthy

volunteers were given a bolus dose of polyphenols. Global [1H
NMR (31)] and focused (GC-MS) (94)] urinary metabolic pro-
filing was performed as well as targeted LC-MS analysis on se-
lected phenolic compounds in plasma. Multilevel PLS-DA on the
urinary profiles revealed the most discriminatory markers of
treatment (36, 97). The concentration–time curves of the selected
biomarkers were then fitted by using an adapted cumulative, one-
compartmental first-order nutrikinetic model (31). The resulting
nutrikinetic signatures showed large interindividual variation,
which points toward nutritional phenotypes that differ in onset,
rate, and extent of microbial bioconversion. The variation in
nutrikinetic signatures therefore provides a functionalmeasure for
the interindividual differences in gut microbial composition, bio-
conversion, and/or bioactivity (23). This variation in signature can
be illustrated by the metabolic fate of gallic acid (GA) as it occurs
in the free and conjugated form in black tea. 3/4-O-methylgallic
acid (3/4-OMGA) and sulfated pyrogallol (sPg) are considered as
end metabolites of the GA pathway, which most likely progresses
according to the evolution scheme in Fig. 3A. This figure also sum-
marizes the sources of nutrikinetic information now available for
us. InFig. 3B, the interindividual variation in urinary excretion rate
constant (ke) of sPg is plotted against the rate constant (ka) of 3/4-
OMGA in blood. In this bubbleplot representation, the bubble-
size is proportional to their estimated total molar levels (micro-
moles). High blood levels and fast (formation) rate constants of
3/4-OMGAmay therefore directly point toward high and fast liver
phase IImetabolism (98). The nutrikinetic signatures of sPg on the
other handmay bemore indicative for the activity of gut microbial
bioconversion. Hence, even though the population shares a com-
mon topology of the metabolic network, large interindividual
variation of the nutrikinetic signatures can be observed. The in-
terindividual variation inFig. 3B is primarily created by differences
in gut microbial metabolism (large range of sPg rates) rather than
liver metabolism (more narrow range of 3/4-OMGA rates). The
observed variation in liver metabolism and bioconversion capacity
of the gut microbiota may serve to distinguish nutritional phe-
notypes within test populations (99). Such nutrikinetic signa-
tures may also be used to strengthen the concept of pharmaco-
metabonomics, which is based on a single predose metabolic
snapshot (15).

Microbiome–Metabolome Interactions
Establishing functional links between polyphenol metabolism
and the human gut microbiome is lagging behind the rapid de-
velopments in metabolomics and microbiomics (100). Micro-
biome–metabolome correlations may be established in vivo, as
was demonstrated in a small human cohort study, where several
microbial species were found to correlate to metabolites that ap-
pear in polyphenol bioconversion pathways (101).Thenutrikinetic
phenotyping of the 20 human volunteers described in the prior
section provided us with the opportunity to correlate the human
metabolome with the phylogenetically (Human Intestinal Tract
Chip, HITChip) defined gut microbiome. Robust Spearman cor-
relations were calculated between the nutrikinetic parameters of a
range of metabolites appearing in plasma andmicrobial species as
observed by HITChip. Members of the Actinobacteria and the
Clostridium clusters showed significant correlation with the plas-
ma nutrikinetic parameters of 5-(3-methoxy-4-hydroxyphenyl)-γ-
valerolactone, which results from the first microbial ring fission of
catechin-type structures. To obtain more detailed insight in the

functionality of the gut microbiota, further work should focus on
establishing metabolome–microbiome correlations at the meta-
genomic or transcriptomic level. To go beyond the single-gene,
single-metabolite correlation, penalized multivariate regression
modeling (102) can be used. The penalization ensures that only
few species or genes are selected to correlate with nutrikinetic
signatures, but still rigorous validation will be required to prevent
chance results. The established correlations will also need in vitro
experiments for validation and establishing causal relationships
between microbiota and bioconversion steps.
So far, nutrikinetics has been used to summarize the functional

(bioconversion) capacity of the human gut microbiota. The estab-
lished first-generation nutrikinetic models can be used to pheno-
type the functional (bioconversion) capacity of both host and
microbiota, but do not cover the systems biology underlying the
observed metabolic bioavailability. Therefore, we aim to develop
second-generation nutrikinetic models that also summarize fea-
tures of metabolic networks and cometabolome cross-talks (103,
104) within the mammalian superorganism. The complexity of
such relationships cannot be unraveled by using merely in vivo
measurements on the human superorganism. As depicted in Figs.
2 and 3A, combinations of in vitro and in vivo approaches are re-
quired to resolve bioconversion pathways and to identify the
microbiota involved. The sources of information obtained from
these additional tools can be used to build up a systems biology
model in a bottom-up fashion, provided metabolic data are ac-

Fig. 3. (A) Proposed GAmetabolic pathways in the human superorganism. The
red, yellow, and brown lines, respectively, represent nutrikinetic information
obtained from plasma, urine (in vivo in humans), and in vitro models. (B) Bub-
bleplot representing the nutrikinetics of sPg in urine (ke) and 3/4-OMGA in blood
per individual (ka). Bubble diameters are proportional to the estimated total
molar level of sPg in urine (0–124 μmol) and 3/4-OMGA in blood (5–21 μmol).

van Duynhoven et al. PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4535



quired in an absolute quantitative manner (105). Finally, the var-
ious sources of prior information have to be combined with the
nutrikinetic signatures obtained from human interventions, for
which we advocate the gray modeling approach. Gray modeling
is a distribution free approach of Bayesian statistics where prior
information is used and its confidence is expressed by a soft pen-
alty (106). These graymodelsmay be applied to find a relationship
between the polyphenol intervention, the gut microbial levels,
and the nutrikinetic signature of the individuals, in agreement
with outcomes from in vitro and humanized mice experiments.
Such models will enable more detailed phenotyping of human
individuals than the current “snapshot” approaches of pharmaco-
metabonomics (15), hence bringing us closer to opportunities in
personalized nutrition.
Ultimately, knowledge of the genetic determinants for poly-

phenol bioconversion rather than phylogeny of the gut microbial
species may be more appropriate for making microbiome–
metabolome correlations. Because polyphenols are not consid-
ered an energy source for gut microbial growth (relative to poly-
saccharides), they may have modest impact on microbial growth
and composition, although there will be metabolic activity that
could be measured at the RNA and protein level. Microbial shifts
may occur because of other effects of polyphenols, such as anti-
microbial activity and knock-on effects. Importantly for human
interventions, dietary polyphenol intake cannot be radically al-
tered; a polyphenol-free diet for a prolonged period obviously
would beunethical and, for safety reasons, there are limits to single
polyphenol doses. Consequently, microbial community shifts in
human interventions may be limited, thus requiring highly sensi-
tive analysis, for example, a sequencing depth beyond what is re-
alistically feasible with current next generation sequencing tech-
nologies (71). Thisdemandespecially holds truewhenanalyzing the
full gene content (metagenome) rather than the microbial compo-
sition (16SrRNA).Moreover, becauseof the functional redundancy
of the human gut microbiome, the actual genes/proteins rather
composition are probably more relevant. Consequently, metatran-
scriptomeandmetaproteomeapproaches, andpossible futuremodi-
fications of the RNA-seq approach (81), that focus on those genes
(and proteins) impacted by polyphenols, are likely to be more
powerful for use in correlation analysis.

Bioavailability–Bioactivity Relations
So far only a few microbial polyphenol bioconversion products
have been associated with systemic biological effects in the host
or at the local level at the gut wall (107). In vitro and human trials
are revealing an increasing number of metabolites that appear
at high levels in the colon and systemic circulation (33, 36). The
biological relevance formost of thesemetabolites is unknown, and
systematic approaches are required to address this. In a bottom-

up approach, potential bioactivity of gut microbiota-mediated
metabolites needs to be screened in relevant in vitro and animal
models. In a recent screening exercise, gut-microbial polyphenol
metabolites were indeed able to reduce the ex vivo response of
peripheral blood mononuclear cells to an inflammatory challenge
(108). When screening gut-mediated metabolites for biological
activity, one should however take into account the different con-
jugation routes once they have entered systemic circulation (109).
In top-down systems biology approaches, we will need to ad-

dress the challenge to link the microbiota-mediated metabolome
with other functional genomics levels (110). A recent attempt in
this area associated circulation levels of a single microbial poly-
phenol metabolite with differences in long-term bioactivity as
defined by transcriptomics of leukocytes (111). We envisage that
the introduction of nutrikinetic phenotypes will allow for stronger
associations between nutritional phenotypes and bioactivity of
polyphenols. The use of homeostatic challenge tests to obtain
more sensitive readouts of long-term bioactivity will introduce
a next level of complexity in data analyses. Another route is pre-
sented by numerous comprehensive human gut microbiome pro-
jects that are in progress around the globe (112, 113). These
microbiomic surveys not only capture the gut microbial diversity
associated with humans but will also promote investigations into
the functional contributions that our microbes make to our phys-
iologic phenotypes, health, and disease predispositions.

Conclusions
Deployment of in vitro gut models, humanized mouse models, and
human intervention trials, in combination with deployment of me-
tabolomics and microbiomics, is a prerequisite for unraveling the
role of colonic microbiota in the bioconversion of polyphenols.
Longitudinal nutrikinetic type interventions are useful for dis-
tinguishing human subpopulations that differ in their microbiota-
mediated bioavailability. Bottom-up as well as top-down strategies
need to be pursued for linking gut microbial diversity to nutritional
phenotypes andbioactivity of polyphenols.Ultimately, this approach
will realize opportunities and direct strategies for personalization of
nutrition based on dietary modulation of gut microbial functionality
of individuals or populations.
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